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Introduction: The aim of this study was to clinically evaluate Streptococcus mutans
adhesion on titanium dioxide—coated stainless steel orthodontic wires to decrease white-
spot formation.

Methods: In this study, four groups of 17 patients each (n=68) aged 12-25 years partici-
pated. A titanium dioxide coating layer was deposited on 0.4572 mm stainless steel ortho-
dontic wires using physical vapor deposition. The coated wires were randomly assigned to
one jaw, and the opposite jaw received an uncoated wire as control. Patients were divided
into groups according to the duration that wires were in their mouths: A) 1 week, B) 2 weeks,
C) 3 weeks, and D) 4 weeks. Block randomization was used to assign patients to each group.
At the end of the experiment, 20 mm of each wire (canine-to-canine area) was cut and
cultured in S. mutans—specific medium. The culture plates were placed in an incubator
containing 5% CO, for 72 hours at 37°C, and then colonies were counted. MTT was used
to test the biocompatibility of the coated and uncoated wires. To evaluate the stability of the
coated titanium dioxide layer on the wires, titanium concentration on the saliva was
determined using inductively coupled plasma mass spectroscopy.

Results: The Kruskal-Wallis test showed that there was no significant difference in colony
counts among the coated wires during 1-4 weeks (p<0.48). In the uncoated-wire groups,
colonys count at week 1 were higher than weeks 24 —(p<0.022). Wilcoxon’s test showed that
the number of colonies was significantly different in groups A and C, but there was no
significant difference in groups B or D. MTT-assay results showed that there was not a
significant difference between cell viability in the coated-wire group and the control. The
Kruskal-Wallis test showed that there was no significant difference in titanium concentration
in the studied groups (p<0.834).

Conclusion: Application of titanium dioxide coating is effective in reducing bacterial
adhesion at wire insertion.

Keywords: orthodontic wire, titanium dioxide, Streptococcus mutans, bacterial adhesion

Introduction

Fixed orthodontic appliances are one of the possible causes of changes in the
mouth. These changes can be due to etching of the enamel surfaces, excessive
composites, or morphological irregularities of the bracket that lead to plaque
accumulation and white tooth-lesion formation.'? White lesions around brackets
develop within 1 month of orthodontic treatment.® The area of these lesions can be

measured by photography and image-analysis software.*
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Orthodontic wires are one of the most important ortho-
dontic components, but provide a suitable environment for
oral microorganism growth. As shown by Elides et al, stain-
less steels have the highest surface tension and energy, which
increase plaque-retention capacity.” During orthodontic treat-
ment, there is a significant increase in the number of some
microorganisms, such as Strepfococcus mutans and
Lactobacillus acidophilus,®” which have been identified as
major pathogens in periodontal diseases and dental caries and
increase the risk of declassification.® In the past decade, the
antibacterial activity of some metal and metal oxide films
such as TiO,,” ZnO," and Ag,” has been considered.
Among these materials, TiO, has gained attention due to its
specific properties. For example, in an aquatic environment,
when TiO, is exposed to ultraviolet radiation, it undergoes
redox reactions and produces hydroxyl radicals that are able
to decompose organic compounds.'>

Today, the biocompatibility of TiO, has been proven,
and a large number of medical devices are made of tita-
nium alloys. Furthermore, no cell-viability loss has been
reported in orthodontic appliances, indicating that TiO,
coating is biocompatible.'®!” So far, in vitro investigations
of antiadhesion and antibacterial properties of TiO, have
shown less bacterial attachment to TiO,-coated surfaces.-
I7.18 Therefore, using the photocatalytic and antiadhesion
capacity of TiO, in clinical conditions may be effective in
preventing bacteria attachment and bacteria-colony growth
around orthodontic instruments. As such, this study aimed
to evaluate the antiadhesion and antibacterial properties of
TiO,-coated stainless steel orthodontic wires against S.
mutans bacteria.

Methods

This study was conducted in accordance with the
Declaration of Helsinki. All experimental protocols were
carried out in accordance with the Institutional Cell
Culture and Animal Care and Use Committee of
Hamadan University of Medical Sciences, Iran. The
Ethics Research Committee of the Faculty of Dentistry,
Hamadan University of Medical Sciences (IR.UMSHA.
REC.1397.791 and IR.UMSHA.REC.1398.427) approved
the research study.

This in vivo study was performed in the orthodontic
department at the Faculty of Dentistry and Microbiology
Laboratory of Hamadan University of Medical Sciences,
Hamadan, Iran in 2019. Four groups of 17 patients each
(n=68) aged 12-25 years — 40 female and 28 male —
participated in this clinical study. Each patient was

considered his/her own control. Titanium dioxide—coated
and uncoated stainless steel wires (0.4572 mm) were placed
randomly in each patient’s jaws. In each group, nine coated
wires in the maxilla and eight coated wires in the mandible
were placed.

Inclusion criteria were age 12-25 years, no antibiotic
and antibacterial mouthwash use during the treatment, no
systemic disease history, no smoking, and no use of inter-
arch elastic, chain, O-ring, or open coil during treatment.
Patients’ systemic status was assessed by taking their his-
tory. Patients were excluded if they were suspected of poor
immunostatus and microbial flora, as well as pregnant
women, those with diabetes or AIDS, and immunosuppres-
sive drug users. Also, patients with missing teeth, syn-
dromes, and craniofacial anomalies were excluded. For all
patients, informed consent was received from them or their
parents (for patients <18 years old). The Ethics Research
Committee of Hamadan University of Medical Sciences
approved the informed consents taken from patients.

After receiving informed consent and completing the
patient-information form, patients who agreed to receive
0.4572 mm stainless steel wire were included in the study.
Antiadhesion properties of the wires were investigated as a
function of time. For this purpose, patients were divided into
four groups: A) 1 week, B) 2 weeks, C) 3 weeks, and D) 4
weeks. Block randomization was used to assign patients to
each group.

Wire Preparation
The wires were coated with TiO, by physical vapor
deposition (PVD). For this purpose, the surface of wires
were cleaned carefully:"’

1. ultrasonic cleaning in ethanol and acetone bath for
15 minutes,

2. ultrasonic cleaning in water—NaOH solution for 20
minutes,

3. rinsing with distilled water for 15 minutes.

An E-gun thermal method at 5,000 W and 1 A/second was
used for coating the wires with a 100 nm layer of TiO,.
Vacuum-chamber pressure was 0.02 bar before the start of
the coating process and 0.05 bar during coating. The
chamber temperature was set at 300°C.

SEM Analysis

To check coating quality and integrity, one of the wires
was randomly selected. The sample was first glued
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between two silicon wafers with a mixture of superglue
and Bakelite (for conductivity). After the adhesive had
dried, the sample was ground using P800, P100, and
P2400 sandpaper to obtain a uniform cross-section. Then,
a smooth cross-section of the sample was prepared using a
Leica EM TIC 3X broad ion—beam instrument operated at
6 kV. SEM (JEOL JSM-7800F Prime) with energy disper-
sive X-ray (EDX) spectroscopy was used to image and
characterize the sample.

Cell-Viability Tests

In order to test the biocompatibility of the coated and
uncoated wires, MTT testing was applied. L929 cells
were cultured in a 96-well plate in RPMI supplemented
with 10% FBS, 50 IU/mL penicillin, and 50 pg/mL strep-
tomycin and incubated in 5% CO, at 37°C. Viability of
treated cells was measured by MTT.>® After treatment,
cells were incubated for 3 hours with MTT solution.
Next, DMSO was added to each well to solubilize forma-
zan particles, and ultimately absorbance was read at 580
nm using an ELISA reader (LaSystems Multiskan).

Titanium Dioxide Release

To evaluate titanium dioxide—coating stability, the titanium
concentration of treated patients’ saliva was analyzed.
Saliva samples of patients were collected before insertion
of coated wires by Navazesh technique®® at 1, 2, 3, and 4
weeks after placing the coated wire in patients’ mouths.
Saliva samples were kept at —20°C. The concentration of
titanium was determined by inductively coupled plasma
mass  spectrometry  (ICP-MS)(ELAN  DRC I
PerkinElmer).

Bacteria Counting

At selected times, wires were removed from patients’
mouths with a sterile device. The canine-to-canine area
(distance between brackets) was cut and separated
(20 mm) and transferred to a sterile tube containing phy-
siological serum. Trypsin (25%) was added to the samples
and incubated for 45 minutes to separate bacteria from the
wires’ surfaces.”' Different volumes of bacteria suspension
(2, 5, and 10 pL) were cultured in S. mutans—specific
mitis—salivarius agar base (HiMedia). Plates were incu-
bated for 72 hours in 5% CO, at 37°C and colony counting
performed. An MBT22 system was used in all patients,
and brackets were engaged with ligature wires to eliminate
wire play. All procedures were performed by one person.

This study was blind for the patients and the evaluator of
bacterial colonies in the samples.

Statistical Analysis

The Kruskal-Wallis test was used to compare colony
counts and titanium release between the studied groups.
Wilcoxon’s test was used to compare colony counts within
groups. Data were analyzed using SPSS 22.0, and the
significance level was set at p<0.05.

Results
PVD was used to coat a layer of TiO, film on the stainless
steel orthodontic wires. SEM images confirmed the forma-
tion of a TiO, film with thickness of =100 nm on the
wire’s surface (Figure 1). EDX spectroscopy qualitative
point analysis confirmed the presence of titanium and
oxygen in the coated layer. The presence of other ele-
ments, such as Fe and Cr, in the EDX spectrum is due to
the inherent spatial resolution of SEM—EDX spectroscopy,
which is in order of 1 um. Since the thickness of the
coated layer is about 100 nm, which is far below the
spatial resolution of SEM-EDX spectroscopy, a signal
from the wire is inevitably detected, together with a signal
from the coated layer. The EDX reference spectrum taken
from the uncoated wire showed no Ti, which confirmed
that the Ti peak in the coated-layer spectrum indeed origi-
nated from the coating process (Figure 2).
Biocompatibility results for coated- and uncoated-wire
cells revealed that viability of L929 cells in the coated-
wire group was 90.3%+9.5% and for the uncoated-wire
group 86.6%+8.1%. There was not a significant difference
between the coated-wire group and control group, with
100% viable cells (Figure 3). The Kolmogorov—Smirnov
test showed that titanium concentration in the studied
groups did not follow a normal distribution. Therefore, a
nonparametric test was used to compare the titanium con-
centration among the groups. Kruskal-Wallis nonpara-
metric testing showed that there was no significant
difference (p<0.834). This test also showed (Table 1) that
there was no difference between the mean concentration of
titanium at the beginning and end of the study (p<0.386).
In addition to these comparisons, the mean difference
between titanium concentrations of coated wires before
and after placement was investigated by Kruskal-Wallis
test, and it was observed that there was no statistically
significant difference among the four groups (Table 1 and
Figure 4).
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Figure | SEM of TiO,-coated orthodontic stainless steel wires at two magnifica-
tions: (A) x3,500, (B) x9,000.
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Figure 3 Cell viability of coated and uncoated wires.

Kruskal-Wallis analysis showed that by increasing
treatment time from 1 to 4 weeks, the colony counts on
the coated orthodontic wires did not differ significantly
(p<0.48, Table 2), but the difference in bacterial colonies

M Spectrum 1

Spectrum 2
)

W Spectrum 2

Figure 2 Images and graphs: (A) SEM of coated area, (B) SEM-EDX spectroscopy
of coated area, (C) SEM of uncoated area, (D) SEM-EDX spectroscopy of uncoated
area.

in the uncoated wires was significant (p<0.022), especially
at the beginning of wire insertion (Table 3). The Wilcoxon
signed-rank test was used for intragroup comparison of S.
mutans colonies.The number of colonies was significantly
different between groups A and C, but there was no sig-
nificant difference between groups B and D (Table 4).
Mean colony numbers in the mandible at the times studied
in the coated-wire group were significantly lower than the
uncoated-wire group; however, this trend was not seen in
the maxilla (Figure 5). Also, no significant difference in
colony numbers was found on comparison between the
sexes (p<0.24).
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Table | Descriptive Indices and Comparison of Titanium
Concentration in the Groups (Kruskal-Wallis Test)
Before After After — before
A Mean 142.127 194.900 52.7727
SD 70.3119 196.9972 182.34919
Median 136.200 115.500 —7.0000
B Mean 177.582 220.536 42.9545
SD 162.7803 103.3568 124.82187
Median 100.100 175.600 100.0000
C Mean 183.567 213.175 29.6083
SD 135.6707 189.2847 19041911
Median 167.600 136.000 —15.0000
D Mean 162.225 286.883 124.6583
SD 164.1414 195.8235 196.21615
Median 109.600 237.900 105.0500
p-value 0.834 0.386 0.487
Discussion

Employing an efficient method to reduce bacterial adhe-
sion on arch wires and around orthodontic appliances can
be an appropriate method to prevent enamel decalcifica-
tion and periodontal disecases. However, most studies of
antiadhesion and antibacterial properties of TiO,-coated
orthodontic instruments have been carried out as in vitro.
As seen in groups A and C, the results of this study
showed that orthodontic wires coated with TiO, can
decrease the S. mutans colonies on their surfaces. TiO,

400.0 — M sefore
After

Mean of Titanium Concentration (ppb)

Group

Figure 4 Titanium concentration across groups.

nanoparticles have been widely used as efficient catalysts
for organic pollutant degradation.'® It is interesting that
titanium dioxide has photocatalytic activity, and when
exposed to ultraviolet or visible light, two important
changes occur on its surface: formation of oxidizing
hydroxyl radicals and hydrophilicity.'® Among the various
microorganisms of the oral cavity, S. mutans is one of the
most important dental microorganisms. It decomposes
sucrose into insoluble glucan through a glycosyltransferase
reaction. Insoluble glucan is attached to the tooth surface
and provides plaque-formation conditions. The resulting
complex of glucan and oral bacteria creates a biofilm
(oral), which is the mature stage of dental plaque.
Decreased adhesion of S. mutans on TiO,-coated
orthodontic wires resulted from bacterial surface organic
molecule degradation. This makes the bacteria more fra-
gile by affecting the cell wall. Following cell-wall degra-
dation, osmotic pressure will change, cellular organelles
are destroyed, and finally the bacteria disintegrate.® Also,
surface hydrophilicity of wires will increase with photon
absorption. Therefore, the contact angle between TiO, and
water is reduced and forms an aqua-thin layer on the wire
surface.”® Therefore, any contamination on the wire sur-
face is easily eliminated by rinsing with water or saliva.
The results of our study showed that in the mandible, the
average number of bacterial colonies around the coated
wires was more reduced than in the maxilla. This seems to
have been due to the hydrophilicity of the coated-wire
surface, self-distinguishing properties in the mandible
(due to tongue movement), and saliva flow in that area,
which led to more effective wire coating in the lower jaw.
Previous studies have investigated the effect of titanium
dioxide coating in vitro, but in this study we studied this effect
on human samples. Chhattani et al** studied the photocatalytic
activity of titanium dioxide—coated steel and nickel titanium
wires. They used the sol-gel method for coating, which is
done at a lower temperature than the PVD coating we used in
this study. As such, this method is applicable for nickel tita-
nium wire coating, which loses its structural memory proper-
ties at high temperatures. Other aspects of the sol-gel method
include higher cost, more time needed, the possibility of
cracking the coated thin film, and surface-porosity formation
that affects its clinical application.* In the present study, PVD
was used. Surfaces coated using PVD method have excellent
abrasion resistance, friction-coefficient reduction, excellent
adhesion, and stability in different environments,”> which
shows the superiority of our study over other reports that
have used the sol-gel method. In a study by Chhattani et al,*
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Table 2 Comparison of Streptococcus mutans Colonies 10000.004 wire
Amonggroups (Coated Wires) Pv=0.44 B coating
8000.00 ’ D uncoating
Mean SD SE Finding
6000.00 S
(CFU/mL) 99 P-0053 %
o 4000.00] 77 -
A (I week) | 1,400.0 23172 | 59875 | Kruskal-Wallis = 10.30 %%
B (2 weeks) | 1,366.4 27054 | 65665 | p<0.48 - 2000001 %/ Pv=0.44 Pv=0.078
2 2000,
C (3 weeks) | 297.7 581.7 15031 s | /% .
D (4 weeks) | 562.3 929.6 248.55 2 oo s
& 10000.007
L -
$ Pv=0.017
8000.00-
Table 3 Comparison of Streptococcus mutans Colonies Among 6000.00- 5
Groups (Uncoated Wires) 9 Pv=0.004 §

Mean SD SE Finding
(CFU/mL)
A (I week) 5122.0 8181.2 2114.0 Kruskal-Walis = 11.60
B (2 weeks) | 1292.6 2596.6 | 63024 | p>0.022
C (3 weeks) | 11418 21084 | 544.80
D (4 weeks) | 3352 4737 126.65
Table 4 Intragroup Comparison of Streptococcus mutans
Colonies Among Groups
Archwire Mean + SD (CFU/mL) Finding
A Coated 1,400.0+2,317.2 0.009
Uncoated 5,122.0+8,181.2
B Coated 1,366.4+2,705.4 0.950
Uncoated 1,292.6+2,596.6
Cc Coated 297.7+581.7 0.005
Uncoated 1,141.8+2,108.4
D Coated 562.3£929.6 0.9
Uncoated 335.2+473.7

after exposure to UVA radiation, coated wires were put in
culture media containing S. mutans, and less adhesion and
bacterial survival than than in the control group was seen. In a
clinical study of bacterial antiadhesive effects of titanium
nitride—coated wires, Amini et al*® showed that colony num-
bers around the coated wires decreased significantly compared
to the control group. Only 20 participants were involved in
their study, which does not seem to be large enough to account
for the wide range of interpersonal differences, especially
those factors related to oral microbial topography, diet, perso-
nal hygiene, and genetic variation. In this study, 19x25 steel
wires were used. Ozyildiz et al*’ examined the effect of wire
type on the titanium dioxide photocatalytic activity. They used
three types of orthodontic wires — 16x22 steel, 16x22
D-Rect, and 14x18 multistrand — which are used as holders,

and showed that multistranded wire had the greatest effect on

4000.00

2000.00

.00~

group
Error bars: +/- 1 SE

Figure 5 Comparison of Streptococcus mutans colonies by upper and lower arch.

Candida albicans and Enterococcus faecalis, while the steel
wire had high S. mutans resistance. This means that the type of
wire can affect antiadhesion activity. However, its mechanism
is not clear and needs to be investigated. In a study by Amini
et al* bacterial culture was performed onlyafter 4 weeks in all
patients in blood agar—culture medium, while in the present
study antibacterial study was performed over four time peri-
ods. Furthermore, to increase the accuracy of the study, the
specific S. mutans culture medium was used.

An important issue regarding the application of nanoma-
terials in human samples is their biocompatibility. The toxicity
of nanoparticles is directly related to their size.”® In this study, a
thin film of titanium dioxide with thickness of 100 nm was
used. Here, the nanostructure coating was achieved by PVD. In
addition, the oral exposure limit of titanium oxide in the age
range of 7-69 years is 1.6 pg/kg, which is not clinically toxic.*’
Fatani et al'” assessed the biocompatibility of titanium diox-
ide—coated brackets on the human gingival fibroblast (HGF)
cell line with MTT assays in vitro. All coated brackets had
higher OD values, which indicated that the survival rate of
HGEF cells around the coated brackets was higher than that of
uncoated brackets, due to the passivating effect of titanium
dioxide coating.

In this study, in order to evaluate the bactericidal effect of
coated wires over time, we divided the patients into four
groups. Bacterial colony counting was done over 4 weeks.
The results showed that there was no statistically significant
difference in colonization rate at different weeks, but average

bacterial colon numbers in the uncoated wires were
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significantly different, especially in group A. This shows that
the maximum antibacterial effect of TiO,-coated wire is seen
when wire insertion is done and is beneficial for patients who
have recently have started orthodontic treatment and not yet
acquired sufficient oral health skills. Simultaneous use of
coated wire and brackets is recommended if a time-dependent
effect is desired.

The present study did not perform heavy mechanother-
apy when the wires were inserted into the patient’s mouth,
leading to mechanical deterioration of the wire coating.
However, further studies are needed to investigate the
mechanical stability of the titanium dioxide coating under
mechanical loading during the treatment. Since the dark
conditions of the mouth are a limiting factor, the antibacter-
ial activity of titanium dioxide in the oral cavity may not be
fully achieved. Other materials, such as silver and platinum,
are recommended to be added to the coating layer for
increasing light absorption and antibacterial activity.

Conclusion

A thin titanium dioxide—layer coating on stainless steel
orthodontic wires decreased S. mutans colonies in the
first and third week. It is interesting that surface modifica-
tion of orthodontic wires with TiO, is effective in reducing
bacterial adhesion at the beginning of wire insertion.
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